The analysis of catheter biofilms (CBs) from patients with neurogenic bladder disorders revealed 22 persistent colonization by polymicrobial communities. The recurrence of bacterial species in the 23 CBs of sequentially replaced catheters suggests urothelial reservoirs responsible for 24 recolonization of the catheter surface. Proteomic data for CB samples were indicative of chronic 25 inflammation in the patients' urinary tracts via neutrophil and eosinophil infiltration and epithelial 26 cell exfoliation. These host defense pathways, effective in killing pathogens during uncomplicated 27 urinary tract infection, failed to eliminate CBs. Intermittent antibiotic drug treatment had different 28 outcomes: either replacement of drug-susceptible by drug-tolerant bacteria or transient microbial 29 biomass reduction followed by resurgence of the previously colonizing bacteria. Proteins that 30 sequester iron and zinc such as lactotransferrin, lipocalin-2 and calprotectin were abundant in the 31 patient's CBs and urine sediments. Indicative of a host-pathogen battle for bivalent metal ions, 32 acquisition and transport systems for such ions were highly expressed by many organisms 33 residing in CBs. Species part of the Enterococcaceae and Aerococcaceae families, generally not 34 well-characterized in their ability to synthesize siderophores, frequently cohabitated biofilms 35 dominated by siderophore-producing Enterobacteriaceae. In support of metal acquisition 36 cooperativity, we noticed positive abundance correlations for a Proteus mirabilis yersiniabactin-37 type siderophore system and two Enterococcus faecalis ABC transporters. Distinct bacterial 38 strains highly expressed known or putative cytotoxins that appeared to compromise the survival of 39 co-resident bacteria, e.g. a P. mirabilis hemolysin and Pseudomonas aeruginosa type 6 secretion 40 and pyoverdin biosynthesis systems. In conclusion, there is support for cooperative and 41 competitive behaviors among bacteria cohabitating CBs. 42 43
Introduction
uropathogens and other bacteria adapted to life in the urogenital tract. To our knowledge, 154 we show for the first time that combinations of bacterial genera colonize catheters and persist as 155 biofilms despite frequent replacements of this medical device in the patients' urinary tracts over up 156 to six months. The compositional variation of such communities is low comparing UP and CB cohabitation with other Gram-negative pathogens in a polybacterial biofilm. Noteworthy is the 194 persistent presence of Actinobaculum massiliense, a rarely described actinobacterial species that 195 has only once before been linked to chronic UTI (25), to the P5 datasets. We observed that 196 microbial contributions to CB proteomes were typically higher than those to UP proteomes. 197 Human protein content (with a subset shown for the four categories NEI, CAP, ERY and KRT) in 198 UP proteomes was more than 75% of the total protein in most instances (Fig. 2 47UP/CB and 55UP/CB; Figs. 2, 3 and S1). In previous work, we reported that cases of acute UTI 290 and ASB associated with short-term catheterization have high NEI values, in contrast to absence 291 of bacteriuria (12, 29). To gain confidence in the data assigning effector proteins to granulocytes 292 rather than other immune cells, we determined average abundances of protein markers that are 293 unique to immune cell types from all 121 datasets (Table 2) abundance of subunits of a P. mirabilis yersiniabactin-type siderophore synthesis and uptake 331 system over the entire series of UP/CB samples for P1 ( Fig. 4 ). A yersiniabactin system 332 expressed by E. coli did not show an equivalent abundance correlation, but the data were more difficult to interpret because overall proteome abundances of E. coli and E. faecalis did not align 334 well ( Fig. 4) . A weaker abundance correlation between the E. faecalis metal ion transporters and 335 the P. mirabilis yersiniabactin system was determined for the data series of P4 (R = 0.49). To 336 summarize, we hypothesize that E. faecalis uses two transporters, EfaABC and EF3082-3085, to 337 acquire iron via use of a yersiniabactin-like xenosiderophore. A rare Gram-positive bacterial 338 pathogen, Globicatella, also abundantly expressed a ZnuA-like ABC transporter predicted to 339 import iron or bivalent metal ions while cohabitating a series of CBs with P. mirabilis (P6). 340 However, the P. mirabilis strain dominant in the P6 samples did not express the yersiniabactin- colonized CBs under study. In P2 and P5, rare pathogens emerged as substantial contributors to 435 the CB microbial biomass (Figs. 2 and 3 ). These species have rarely been linked to CAUTI and 436 UTI, and were not mentioned in reviews for the infections (1, 3, 4). We conclude that polymicrobial 437 urethral and/or bladder reservoirs, dispersed from the CB surfaces followed by adhesion to 438 mucosal surfaces, recolonize newly placed catheters in the form of groups. Bladder wash steps 439 are not effective in preventing the recolonization. We do not rule out intra-urothelial quiescent life on their abundances in proteomic datasets, we inferred especially high levels of siderophore 507 production in distinct CBs (derived from E. coli, P. aeruginosa, P. mirabilis, K. pneumoniae and E. aerogenes strains; e.g., in P1 and P8). Based on reports on siderophores as promoters of 509 inflammation and tissue invasion, we assessed whether the inferred high siderophore production 510 levels correlated with high NEI and ERY scores in the UP and CB datasets. There was no 511 evidence of marked increases in neutrophil and eosinophil effector abundances or of more 512 extensive hematuria in these cases. However, the studies that linked siderophores to host 513 invasion were acute infections (47-49), while CAUTI with serial catheterizations of patients is a 514 chronic condition. The lack of cases with evidence of extensive hematuria was unexpected. 515 Hematuria is commonly observed in the context of acute UTI and ASB (27, 29) . We hypothesize 516 that long-term urinary tract catheterization can alter the mucosal surface and perhaps cause 517 squamous epithelial metaplasia, a pathology associated with the chronically inflamed urinary tract 518 (50). This process may explain the reduced incidence of hematuria in the cohort under study here. Gram-positive cocci that share many metabolic pathways and may adapt to the more alkaline 526 milieu of encrusted catheter biofilms. Cohabitation of P. stuartii and P. mirabilis was previously 527 brought into context with higher urease activity and increased pathogenic potential (51). Our data 528 showed that urease was produced only by P. with the abundance of Ybt system subunits in the data series for P4 ( Fig. 4) . We hypothesize that 541 there is cooperativity between P. mirabilis and E. faecalis; the Ybt produced by P. mirabilis makes 542 bivalent metal ion available to E. faecalis via use of a xenosiderophore and at least one of its 543 transmembrane ABC transporters. In further support, the Ybt system and the E. faecalis ABC 544 transporters were also expressed in several CBs from P1, but did not correlate well in abundance 545 perhaps due to additional cohabitating microbes. We assume that xenosiderophore use, together 546 with the ability of E. faecalis strains to bind to fibrinogen (44) and urethral mucosal surfaces via 547 the adhesin EbpA (EF_1091-1093) and an energy metabolism adaptable to different oxygenation 548 levels allow this opportunistic pathogen to be so prevalent in CBs associated with long-term 549 catheterization. need to be investigated further, we hypothesize that one or more of them contribute to the ability 567 of producer strains to out-compete species sensitive to these toxins. Metagenomic data analysis. The UP and CB pel samples (5-25 µl volume) were thawed and re-695 suspended in 300 µl TES buffer (20 mM Tris-HCl, pH 8.0, 2 mM EDTA, and 1.2% Triton X-100), 696 We vortexed occasionally and incubated at 75°C for 10 min followed by cooling to 20˚C. Single colonies were picked, Gram-stained and microscopically viewed. A culture stock derived 723 from a single bacterial colony was generated and analyzed to confirm the identity of the suspected 724 species. The culture stock was inoculated to generate a fresh pre-culture in 5 ml brain heart 725 infusion (BHI) broth. A 50 µl inoculum was used to grow cells in a 20 to 30 ml BHI broth culture. 726 Bacterial cell pellets were grown to stationary phase (12-15 hours) in a shaker at 880 rpm set at 727 37˚C. The OD 600 values reached for the E. faecalis and P. mirabilis aerobic suspension cultures 728 were 0.4-0.6 and 0.9-1.2, respectively. Cell aggregates were observed for E. faecalis cultures.
729
Bacterial cells were washed with a 20-fold volume of PBS and lysed in the SED solution as 730 described for UP samples. The cycle of sonication, incubation at 20˚C with occasional vortex steps and 3-min heat exposure at 95˚C were applied twice to generate a lysate and recover its 732 supernatant by high-speed centrifugation for 15 min. 
